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Abstract

Oligopeptidase B is a clan SC, family S9 serine peptidase found in gram positive bacteria, plants
and trypanosomatids. Evidence suggests it is a virulence factor and thus therapeutic target in both
Trypanosoma cruziand T. brucei, but little is known about its function in Leishmania. In this
study L. major OPB-deficient mutants (A gpb) were created. These grew normally as
promastigotes, had a small deficiency in their ability to undergo differentiation to metacyclic
promastigotes, were significantly less able to infect and survive within macrophages /n vitro, but
were virulent to mice. These data suggest that L. major OPB itself is not an important virulence
factor, indicating functional differences between trypanosomes and Le/shmania in their interaction
with the mammalian host. The possibility that an OPB-like enzyme (designated OPB2) in L. major
might compensate for the loss of OPB in Aopbwas investigated via by mapping its sequence onto
the 1.6 A structure of L. major OPB. This suggested that the residues involved in the S1 and S2
subsites of OPB2 are identical to OPB and hence the substrate specificity would be similar.
Consequently there may be redundancy between the two enzymes.

1. Introduction

Leishmania are obligate intracellular protozoa and the causative agent of leishmaniasis, a
disease that is endemic in various tropical and subtropical regions [1]. Leishmaniasis is a
complex of diseases, with three main clinical forms which depend on the infecting species:
visceral leishmaniasis, cutaneous leishmaniasis and mucocutaneous leishmaniasis [2].
Leishmania major causes cutaneous leishmaniasis in humans [1]. It is estimated that there
are 1.5 million cases of cutaneous leishmaniasis and 500,000 cases of visceral leishmaniasis
annually [3]. Leishmania alternate between a mammalian host and the digestive tract of
female phlebotomine sand flies and have several developmental forms. The procyclic
promastigote is a flagellated motile form which multiplies in the sand fly gut; the metacyclic
promastigote is the non-dividing mammal-infective stage present in the mouthparts of the
fly and the amastigote is a non-motile form which lives and multiplies within a
parasitophorous vacuole in mammalian macrophages [4].

Oligopeptidase B (OPB) is a serine peptidase of clan SC, family S9 - the prolyl
oligopeptidase (POP) family. The POP family are restricted to hydrolysing peptides of up to
30 amino acids in length [5]. Oligopeptidase B is restricted in occurrence, apparently being
present only in bacteria, plants and trypanosomatids [6]. OPBs cleave after basic residues,
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preferring arginine, in a trypsin-like activity [7], though they have a preference for cleaving
after di-basic residues [8-10]. Oligopeptidase B was originally identified in Escherichia coli
and was included in the POP family due to its homology to porcine prolyl oligopeptidase
[11]. OPB has been described in various Leishmania species [12-15]. Detection of OPB
activity in the growth medium demonstrated the release of OPB by L. donovani
promastigotes [16]. OPB is up-regulated in the amastigote stage of the life-cycle in L.
braziliensis and L. donovani compared with promastigotes [17, 18], whereas there are
similar levels of expression of OPB in all stages in L. majorand L. mexicana[19, 20].

OPB has been reported to be an important virulence factor in some trypanosomatids [6, 21].
In Trypanosoma cruzi, OPB plays a part in the invasion of non-phagocytic cells by
trypomastigotes - via triggering an increase in the host cell’s free intracellular calcium
[22-24]. T. cruzi OPB null mutant trypomastigotes are 75% less infective to mammalian
cells than wild type 7. cruziand exhibited lower parasitaemia in mice [24]. Parasite OPB is
released into the bloodstream of animals infected with 7. brucei, apparently through lysis of
dying parasites [25-27]. The enzyme is thought to reduce the levels of the regulatory peptide
hormone atrial natriuretic factor in the plasma of 7. brucei-infected dogs and of 7. evansi-
infected rats [25, 28], potentially leading to the circulatory system lesions which are
observed in the trypanosome infections [6]. The trypanocidal drugs pentamidine,
diminazene and suramin are all inhibitors of 7. brucei OPB [29]. Pentamidine and
diminazene contain arginine-like motifs, thus may act through mimicking OPB substrates,
whilst suramin has been shown to inhibit a variety of serine peptidases. Two groups of
serine peptidase inhibitors, peptidyl chloromethyl ketones and peptidyl phosphate diphenyl
esters, have activity against 7. bruce/ OPB and it is thought that the improvement in the
survival rate of mice infected with 7. brucei resulting from administration of one of these
compounds may be mediated through its action on OPB [30].

Six POP family members have been identified in Leishmania[13], including an
oligopeptidase B-like protein, or oligopeptidase 2 (OPB2, [31]). L. amazonensis OPB2 was
found to have an unusual C-terminal extension and a low identity to OPB, though it was
predicted to have a similar structure to OPB. OPB2 was found to be expressed throughout
the L. amazonensis lifecycle [31]. Other POP family enzymes have been investigated in
trypanosomatids: the prolyl oligopeptidases from 7. bruceiand T. cruzi. Inhibition of 7.
cruzi POP prevented entry of trypomastigotes into non-phagocytic host cells [32, 33], whilst
7. brucei POP has been shown to be released into the plasma of infected mice and to be able
to cleave a number of bioactive peptides that are down-regulated in sleeping sickness
patients [34].

To investigate whether OPB is a Leishmania virulence factor, we generated OPB-deficient
mutants of L. majorand analysed how the gene-deletion affected virulence of the parasite /n
vitroand in vivo. We also generated OPB over-expressing mutants. Sequence mapping of
OPB?2, a L. major protein related in primary structure to OPB, onto a high resolution
structure of OPB was undertaken to gain insight into the likely substrate specificity of OPB2
and to estimate the likelihood of it compensating for OPB function in the OPB-deficient
mutants.

2. Materials and methods

2.1 Parasites

Leishmania major (MHOM/IL/80/Friedlin) promastigotes were grown in modified Eagle’s
medium (designated complete HOMEM medium) with 10% (v/v) heat-inactivated fetal calf
serum at 25 °C, as described previously [35]. Metacyclic promastigotes were isolated by the
peanut agglutinin method [36] from cultures that had been in stationary growth phase for 3-4
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days. Briefly, promastigotes were resuspended in PBS, pH7.4 at 2 x 108 cells mI~. Peanut
agglutinin (Vector Laboratories) was added at 50 g mI~1 and the sample was incubated for
30 min at room temperature. The supernatant contained the non-agglutinated metacyclic
promastigotes. In order to calculate the percentage of metacyclic promastigotes in a culture
of stationary phase cells, the number of metacyclic promastigotes found after the incubation
with peanut agglutinin was compared to the initial concentration of 2 x 108 parasites ml~1.
Three replicates were completed per culture. L. majoramastigotes were purified from
infected BALB/c mice as described [37].

2.2 Antibodies and Western Immunoblotting

Anti-OPB antibodies were raised in a sheep using L. majorrecombinant OPB[38]. 5 mg of
rOPB was linked to an Aminolink column (Pierce) on which the antibodies were affinity-
purified according to the manufacturer’s protocol. Parasites were lysed in lysis buffer (50
mM Tris/HCI pH 8.0, 0.25% (v/v) Triton X-100, 20% (v/v) glycerol), with a cocktail of
peptidase inhibitors (10 M E-64, 1 mM 1,10-phenanthroline, 2 .M pepstatin A, 1 mM
PMSF, 10 M antipain, 10 M leupeptin and 2 mM EDTA). Whole-cell lysates were
resolved with a 12% (w/v) SDS-PAGE, transferred to a polyvinylidene fluoride (PVDF)
membrane and immunoblotted with the appropriate primary antibodies diluted in PBS with
5% (w/v) skimmed milk and 0.1% (v/v) Tween-20. The primary antibodies used and their
respective dilutions were sheep anti-LmjOPB (1:20,000), mouse monoclonal anti-ThEFla
(Upstate, 1:10,000), rabbit anti-HASPB antibody ([39], 1:1000) and mouse anti-GP63
antibody ([40]1:100). Anti-sheep, anti-mouse or anti-rabbit HRP-conjugated secondary
antibodies were used at 1:5000 dilution and the SuperSignal West Pico chemoluminescent
system (Pierce) was then used to visualise the antigens.

2.3 Generation of Aopb null mutants and cells re-expressing OPB

The 872 bp 5’-flank fragment of OPB (LmjF09.0770) was generated by PCR from L. major
genomic DNA with primers OL2395 and OL2415 (Table 1, bold indicates restriction sites
added to primers), ligated into the PCR-Script subcloning vector (Stratagene) and digested
out using Hinalll and Sal. The 539 bp 3" flanking region of OPB was generated by PCR
using the primers OL2356 and OL2459 (Table 1, bold indicates restriction sites added to
primers), ligated into the TOPO subcloning vector (Invitrogen) and digested out using Xmal
and Bg/l. The digested-flank fragments were cloned sequentially into digested pGL1062 to
give the Hygromycin B-resistance plasmid pGL1693. The cassette used for transfection was
released by Bg/| digestion. The streptothricin acetyltransferase-resistance plasmid,
pGL1762, was generated from pGL1693 by replacement of the Spel/ Blpl cassette
containing the hygromycin B resistance gene with a Spel/ Blpl cassette containing the
streptothricin acetyltransferase resistance gene. A population of parasites resistant to
hygromycin was generated after transfection with pGL1693, with the integration of the
cassette assessed by PCR. This population was used for a second round of transfection with
pGL1762. Two streptothricin acetyltransferase-resistant clones from independent
transfection events were selected for analysis, having had the absence of OPB assessed by
PCR. These clones were designated A gpb clones 10 and 21. To generate re-expresser
plasmid, the OPB locus was digested from pGL1640 (section 2.3) using BgAl. This
fragment was then cloned into BgAl digested and calf alkaline phosphatase (CIP) treated
pRIB vector [41], to give plasmid pGL1818. pGL 1818 was transfected into A gpb clones 10
and 21 and clones were selected for analysis after selection with puromycin.

2.3 Generation of OPB over-expressing L. major cell lines

OPB (LmjF09.0770) with its start and stop sites intact was obtained by PCR from L. major
genomic DNA with primers OL2352 and OL2353 (Table 1). The 2182 bp fragment was
ligated into the TOPO sub-cloning vector (Invitrogen), digested with £coRV and Kpnl,
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blunt ended using Mung bean nuclease and cloned into £co RV-digested and blunt ended
HcN pNUS vector [42], giving plasmid pGL1640. Plasmid expressing LmjOPBS577C was
produced by site directed mutagenesis of pGL1640, using the QuikChange mutagenesis kit
(Stratagene) with primers, OL2550 and OL2551. These are shown in Table 1, with the
codon modified underlined. This produced the active site mutant construct, pGL1714.
Populations of parasites were generated after transfection with pGL1640, pGL1714 and
pGL1137 (the empty pNUS vector) and selection with Geneticin (G418), with the presence
of the plasmids assessed by PCR.

2.4 Analysis of Bz-R-AMC cleavage by L. major promastigotes

6 x 10° L. major stationary phase promastigotes in 100 wl HOMEM medium were used per
well in 96-well plates, with control wells of the same volume of HOMEM medium, to
account for the inherent cleavage of the substrate. Bz-R-AMC (Bachem) was made up at a
stock concentration of 100 mM as per manufacturer’s instructions, then diluted to 10 .M in
HOMEM medium and 100 p.l was added to both parasite and control wells. Cleavage was
determined by the change in fluorescence (Agx= 355 nm. Agm= 460 nm) at room temperature
over 30 mins, in an EnVision 2102 plate reader (Perkin Elmer). The fluorescence readings
(minus the fluorescence of the control wells) were converted to a concentration of AMC
released using an included AMC standard and then the rate of cleavage of Bz-R-AMC
calculated. To determine the effect of peptidase inhibitors, the basic cleavage assay was
completed with minor changes. The inhibitor was made up at 20 x the desired concentration
in medium. 10 pl of inhibitor was added to the desired wells of a 96-well plate, with 10 .l
of HOMEM medium for uninhibited wells. 6 x 10° L. major stationary phase promastigotes
in 90 pl HOMEM medium were added to each well, with control wells of the same volume
of HOMEM medium. 100 pl of 10 M Bz-R-AMC was also added to the parasite and
control wells. The following inhibitors and concentrations were used: 20 uM E-64d; 10 uM
N-methyl-piperazine-Phe-homoPhe-vinylsulfone-phenyl (K11777; [43]); 1 M 1,10
phenanthroline; 250 wM EDTA; 2 uM pepstatin A; 1 mM PMSF; 100 uM AEBSF; 500 nM
antipain and 12.5 M leupeptin. For determination of I1Csq values for inhibition of Bz-R-
AMC cleavage, a 5-fold serial dilution of antipain, from 500 nM to 0.16 nM; a 5-fold serial
dilution of leupeptin, from 12.5 uM to 4 nM and a 2-fold serial dilution of AEBSF, from
100 uM to 1.56 uM, were used. Fluorescence was read as above, and then the concentration
of AMC released was calculated to find the rate of Bz-R-AMC cleavage. The cleavage rates
were converted to relative activities compared to uninhibited cells and from these 1Cgq
values were determined, using GraFit 5 data analysis software (Erithacus Software).

2.5 Lysis and fractionation of cells for western immunoblot

Cells were lysed by sonication of cells suspended in PBS, using a Soniprep 150. The
following peptidase inhibitors were in the lysates: 10 uM E-64d, 400 uM 1,10-
phenanthroline, 2 wM pepstatin A, and 2 mM EDTA. To separate lysates into membrane
and soluble fractions, the lysate was centrifuged at 37500 g for 1 h at 4°C. The supernatant
(soluble fraction) was separated from the pellet (membrane fraction), and the pellet was
washed with PBS, re-centrifuged and then resuspended in the same volume as before in
PBS. The soluble and membrane fractions were then used for western immunoblotting as in
section 2.2.

2.6 Macrophage infections

Peritoneal macrophages from CD1 mice were adhered overnight in RPMI 1640 medium
(PAA) with 10% (v/v) HIFCS at 37 °C in 5% CO5/95% air onto Nunc 16-well Lab-tek™
tissue culture slides (Fisher Scientific) and then infected using metacyclic promastigotes at a
ratio of 6 promastigotes per macrophage. After incubation overnight at 37 °C in 5%
CO,/95% air, non-phagocytosed promastigotes were removed by three gentle washes with
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RPMI 1640 and the cultures were then incubated at 37°C in 5% CO,/95% air. The uptake
and subsequent intracellular survival was determined by counting the number of infected
macrophages in stained slides at one, four and six days following infection. Slides were
fixed in 100% methanol and stained with 10% (v/v) Giemsa’s stain to identify the parasites.
The percentage of infected macrophages and number of amastigotes were determined by
examination of 100 macrophages per replicate.

2.7 Mice infections

Groups of 6 female BALB/c mice were inoculated in the footpad with 1 x 10> metacyclic
promastigotes resuspended in 20 .l of PBS, pH 7.4. The thickness of the footpad was
measured weekly until the footpad was 5 mm thick, when the mice were culled.

2.8 Statistical Analyses

3. Results

Values were expressed as means + standard error of the mean (SEM). Levels of significance
were calculated by unpaired t tests. Differences were considered significant at a p value
<0.05.

3.1 Generation of L. major Aopb null and OPB over-expression mutants

Recombinant OPB was used to raise anti-OPB antibodies in a sheep, which were affinity
purified and used for western immunoblotting. This showed that the 83 kDa OPB enzyme
was present at comparable levels in the three main life cycle stages of L. major. procyclic
promastigotes, purified metacyclic promastigotes and lesion-derived amastigotes (Fig. 1). In
order to investigate the function of OPB in L. major, OPB null mutant (A opb) cell lines
were generated (Fig. 2A). Clones 10 and 21 were obtained and lines re-expressing OPB
from the ribosomal locus generated. No difference in growth rate was found upon deletion
or re-expression of OPB compared to wild type parasites (data not shown). The deletion of
OPB and subsequent re-expression was confirmed by Southern blot using OPB, HYG and
SAT probes (Fig. 2B) and western blot (Fig. 2C) analyses. Hybridization of X#ol-digested
genomic DNA with an OPB probe revealed a 4.7 kb DNA fragment corresponding to the
locus of the wild type parasite, which was absent from the A gpb clones and re-expressor
lines; the latter, however, contained a 10 kb positive fragment (Fig. 2B). Hybridisation with
a probe for HYG revealed a 3.4 kb fragment in the heterozygote, A gpb clones and re-
expresser lines, which was absent from the wild type parasites. Hybridisation with a probe
for SAT revealed a 2.9 kb fragment in the A gpb clones and re-expresser lines, which was
absent from wild type and heterozygote parasites. OPB was detected by western immunoblot
with anti-OPB antibody in wild type L. major (Fig. 2C, lane 1) and, at a reduced level, in the
heterozygote (lane 2) and also at high abundance in both the re-expresser lines (lanes 5 and
6). The two OPB null mutant clones lacked the protein (lanes 3 and 4). In contrast, a
comparable level of expression of the control protein, EF-1a., was found in all lines. These
data confirm that OPB was deleted.

Cells over-expressing wild-type OPB (WT[OFPB]) or a mutant OPB in which the active site
serine 577 was mutated to a glycine (WT[OPBS577C]) were also generated. An increased
level of OPB was detected by western immunoblot with an anti-OPB antibody in the
WT[OPB] (lane 2) and WT[OPB5577C] cell lysates (lane 5) compared to the L. major WT
lysate (lanes 1 and 3) or empty vector control (lane 4, Fig. 2D).

3.2 Characterisation of mutant cell lines

Phenotype analyses were performed with both A gpb clones, but as they behaved similarly
data are shown only for clone 10 and the re-expresser generated from it. Metacyclogenesis is
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central to the ability of Le/ishmaniato successfully infect macrophages [44]. The ability of
the two clones to differentiate to metacyclic promastigotes was investigated by western
immunoblotting for the surface protein HASPB (Fig. 3A), a known marker for metacyclic
promastigotes [39], and comparison of peanut lectin agglutination of cells, which
agglutinates the non-metacyclic cells [36]. Comparative analyses showed that the A gpb
clone contained less HASPB protein than wild type parasites, whereas the re-expressor line
had slightly more (Fig. 3A). The peanut lectin agglutination analyses also showed that there
were significantly fewer metacyclic promastigotes in the A gpb culture, with stationary phase
wild type promastigote population comprising 35% (£ 1.3) metacyclic promastigotes
whereas there were only 21% (£ 2.4) in the Agpb clone 10 population (p value <0.01). The
equivalent population of A gpb re-expressing OPB comprised 27% (+ 2.4) metacyclic
promastigotes (not significantly different to wild type). These data together suggest a small
reduction in metacyclogenesis in Agpb.

The ability of Agpb metacyclic promastigotes to infect, survive and multiply within
peritoneal exudate macrophages (PEM) was assessed by sampling one, four and six days
post-infection, with the numbers of infected macrophages (Fig. 3B) and the numbers of
amastigotes per 100 macrophages being determined (Fig. 3C). After one day, 82% of
macrophages were infected with wild type promastigotes and 66% with A gpb re-expressing
OPB, whilst only 47% of macrophages were infected with A gpb. The numbers of
macrophages infected with wild type and A gpb re-expressing OPB promastigotes increased
slightly by the sixth day, to 88% and 90% respectively. However, only 35% of PEM were
still infected with A gpb amastigotes (p < 0.001, compared with the data for wild type
parasites). The numbers of amastigotes per 100 PEM increased over the time of the
experiment for both PEM infected with wild type and A gpb re-expressing OPB
promastigotes, whilst there was no overall change for PEM infected with A gpb. The ability
of Agpbto infect BALB/c mice was assessed in comparison with wild type parasites (Fig.
3D). Footpad measurements indicated that A gpb parasites were not significantly different
from wild type parasites in their ability to establish an infection in mice.

The ability of living L. major promastigotes to cleave Bz-R-AMC intracellularly was
assessed using a fluorescent plate reader. The cleavage was inhibited by incubation of the
parasites with antipain, leupeptin or AEBSF (ICsq values of 9.3 nM, 48.1 nM and 14.4 pM,
respectively, compared to Ki values for recombinant OPB of 69 nM for antipain, 26 nM for
leupeptin and a 90% reduction of OPB activity for AEBSF). E-64d, K11777, 1,10
phenanthroline, EDTA, pepstatin A and PMSF were unable to inhibit the cleavage of Bz-R-
AMC in the living promastigotes. The inhibition profile of the cleavage in live cells
correlates well with the inhibition profile of the recombinant enzyme, which is a serine
peptidase [38].

The two A ogpb clones were found to have, respectively, 0.7% and 1.4% of the activity of
wild type parasites towards Bz-R-AMC (Fig. 4A and data not shown). Whilst the level of
OPB protein in the re-expresser lines was greater than in wild type parasites (Fig. 2C), the
respective re-expresser lines for the two clones displayed 25% and 38% of the cleavage
activity relative to wild type parasites (Fig. 4A and data not shown). In contrast, the Bz-R-
AMC activity in the WT[OPB] promastigotes was 20 times the enzymatic activity of the
wild type cells, WT[pNUS] or the WT[OPB5577C] (Fig. 4B). Western immunoblotting
carried out with anti-OPB antibody on supernatant and pellet fractions of L. majorwild type
revealed that the protein is soluble; EF-1a was used as a soluble control protein, whilst
GP63 was used as a membrane control protein (Fig. 4C). Depletion of OPB from L. major
promastigote lysates by immunoprecipitation using the purified anti-OPB specific antibody
reduced Bz-R-AMC activity in cell lysates, to a similarly low level as that found in Agpb
null mutants (5% + 0.7, relative to wild type). As the OPB antibody does not cross-react
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with the 104 kDa OPB2 (Fig. 1), this confirms that the activity detected was due to OPB.
OPB bound to the anti-OPB antibody was unable to cleave Bz-R-AMC, indicating the
antibody blocked the active site of the enzyme (data not shown).

3.3 Mapping of the OPB?2 active site

OPB2 (LmjF06.0340) is the clan SC, family S9 serine peptidase with the closest sequence
identity to OPB and we hypothesized that it potentially could compensate for some of the
functions of OPB in the A gpb mutants. As no physiological substrates for OPB or OPB2 are
known, we approached this hypothesis by investigating if OPB2 and OPB might have
similar substrate specificity, based on modelling of the OPB2 active site. Residues important
to the substrate specificity of OPB were based on the high-resolution crystal structure of L.
major OPB in complex with antipain [38]. The residues involved in binding the inhibitor in
OPB are summarized in Table 2. To investigate the conservation of these residues in OPB2,
a primary sequence alignment of the two enzymes was carried out. To achieve a more
accurate result, a multiple sequence alignment was performed with L. major OPB and OPB2
(minus the C-terminal extension [31]), plus OPB homologues from 7. cruzi, T. brucei, T.
evansi, L. infantum, L. amazonensisand L. braziliensis using CLUSTALW [45]. The
relevant data were then extracted and used to calculate sequence identities between L. major
OPB and OPB2 and to produce Fig. 5. In this region the two proteins are 24.6% identical
with the catalytic domain showing 30.6% identity. The catalytic triad and all of the residues
found to be important in binding antipain in the active site of OPB are identical in OPB2
(Fig. 5), showing that it is likely that the two enzymes have similar specificity towards small
peptide substrates.

4. Discussion

This study has revealed that OPB is expressed at similar levels in the three main life cycle
stages of L. major (Fig. 1), whereas previous reports indicated that OPB is upregulated in
amastigotes of L. braziliensis and L. donovani compared with promastigotes [17, 18]. The
higher expression reported for L. braziliensis amastigotes was based on RNA levels detected
using differential display methodology [17]; interestingly, OPB was not one of the genes
found to have higher expression in L. majoramastigotes in another differential display
analysis [19]. Microarray analysis of RNA expressed at differential levels between
promastigotes and amastigotes of L. mexicana similarly revealed no change for OPB [20].
The analysis of L. donovani expression levels was completed using proteomic techniques
and axenic amastigotes [18]. Thus the differences in data could reflect either species or
material variations, but our evidence suggests that the enzyme has a constitutive role in L.
major.

Our data show clearly that OPB is not essential for the viability of promastigotes of L.
major, as we obtained two independent null mutant clones (Fig. 2). Analysis of these null
mutants demonstrated that OPB is responsible for most of the intracellular cleavage of Bz-
R-AMC in living promastigotes, as there was only some 1% of hydrolysis of the substrate in
the mutants compared with the wild-type parasites. A gene-dose response was found, since
the heterozygote had approximately half of the activity of the wild type parasites. This
finding is in agreement with the dose response in enzymatic activity found when OPBwas
knocked out in 7. cruzi [24]. In wild-type parasites, OPB was localised to the soluble
fraction by cellular fractionation (Fig. 4D). A soluble protein is consistent with the cytosolic
location found for other kinetoplastid OPBs [23, 25]. Western blot analysis confirmed that
OPB was highly over-expressed in the WT[OPB] cell line (Fig. 2D) and this correlated with
a 20-fold increase in activity towards Bz-R-AMC in comparison to wild type cells (Fig. 4C).
Over expression of the active site mutant, however, led to a drop in activity relative to the
wild type, confirming that the S577 residue is essential for catalytic activity, as was
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predicted by the structure of OPB [38]. OPB protein levels were higher in the Agpbre-
expressor than wild type (Fig 2D), yet activity towards Bz-R-AMC was lower (Fig 4A).
This was not the case for the over-expression cell lines, possibly indicating that OPB can
fold into an active conformation more effectively in wild type cells than A gpb. These
differences do not appear to affect the viability of the various cell lines, as all grew normally
in culture.

Metacyclic promastigotes are acknowledged as the infective stage of Leishmania [46] and so
a decreased number of metacyclic promastigotes may lead to a reduced ability to infect and
survive in macrophages. We have shown that there was a reduction in the number of
metacyclic promastigotes in the A gpb populations while the number of metacyclic
promastigotes was at a similar level as with the wild type parasites in the populations of
cells re-expressing OPB (Fig. 3A). When isolated metacyclic promastigotes were used to
infect murine macrophages it was found that there was indeed a reduction in the ability of
Aopbto infect macrophages and proliferate within them compared with both wild type
parasites and the line re-expressing OPB (Fig. 3B and C). This suggests that the lack of OPB
is responsible not only for a defect in the ability to transform to the metacyclic promastigote
stage, but also to have a reduced ability to further transform to amastigotes and to survive
and thrive as this stage. However, when isolated metacyclic promastigotes were used to
infect BALB/c mice, there was no significant difference in the development of footpad
lesions (Fig. 3D). BALB/c mice, the strain which was used in this study, are particularly
susceptible to infection with Le/ishmania [47], so it possible that OPB-deficient mutants may
be less virulent in other mice strains or in the natural host. In addition, it may be that
initiating infection of mice with numbers of promastigotes closer to those naturally egested
upon bloodfeeding of sand flies could lead to a different result. Up to around 1,000 L. major
promastigotes have been shown to be egested by Phlebotomus papatasi [48], whereas 50,000
promastigotes were injected into the BALB/c mice in this study.

The role of OPB in metacyclogenesis, or differentiation to amastigotes, remains to be
elucidated. The role could be akin to the defect in metacyclogenesis caused by a lack of
autophagy [49], a self-digestion process whereby cells degrade proteins and organelles in the
cytoplasm [50]. As members of the POP family are known to be restricted to the cleavage of
peptides [5], it is possible that OPB aids metacyclogenesis or differentiation through
degradation of peptides in the cytosol, providing material for the remodelling of the parasite
undertaken at this time, analogous to the degradation of proteins in the lysosome through
autophagy. Alternatively, OPB could be involved in the processing of propeptides or other
regulatory peptides involved in a cascade leading to differentiation to infective parasite
forms. The virulence of OPB null mutants in an animal model suggests that the
differentiation defect is transitory and that once the parasite has established in the
mammalian host it can replicate normally. OPB would thus appear not to be a suitable drug
target, despite its absence from mammals.

The inhibitory profile of the hydrolysis of Bz-R-AMC was determined using standard
peptidase and proteasome inhibitors. The inhibition by antipain, leupeptin and AEBSF is
indicative of a serine peptidase, which matches the inhibitory profile of the recombinant
enzyme [38]. Leishmania contain a second OPB-like gene, named OPBZ2[31], which is
likely to have a similar enzymatic activity to OPB. OPB2 has a low overall sequence
identity with OPB (<20%), but is more conserved in the catalytic domain (31%), which
contains the serine, aspartic acid, histidine triad. Mapping of the active site of OPB2, based
on the recently determined crystal structure of OPB [38], allowed us to predict that all the
important residues for substrate binding in the S1-S3 pockets were the same (Fig. 5).
Residues involved in the S1 and S2 binding pockets of OPB have been predicted previously
and highlighted two pairs of acidic residues [9]. Multiple sequence alignments of OPB and
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OPB2 suggest that the S1 subsite of OPB2 contains two Glu residues but that the S2 subsite
differed from what was expected (Fig. 5). Our findings show that one of the conserved Glu
residues in L. major OPB (Glu-621) and several other important residues in the S1 binding
site are conserved between OPB and OPB2. In addition, residues found in the S2 and S3
binding pockets of L. major OPB are also conserved in OPB2 (Table 2). This suggests that
OPB2 might have similar substrate specificity to OPB and might compensate for some of
the functions of OPB in the null mutants, allowing their continued survival and virulence.
No apparent hydrolysis of Bz-R-AMC by OPB2 was observed in OPB null mutants,
possibly due to inefficient hydrolysis of such a short peptide by the enzyme, or perhaps
OPB2 is present in a compartment that is not accessible to Bz-R-AMC. As no physiological
substrates of OPB or OPB2, or recombinant OPB2, are available, experiments are underway
to attempt to generate L. major OPB2-deficient parasites and OPB/OPB2 double mutants to
test these hypotheses.
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Fig. 1.

Expression of OPB in L. major

Western immunoblot showing the expression of OPB in the three life cycle stages of L.
major.

Lane 1 = procyclic promastigotes, 2 = metacyclic promastigotes, 3 = amastigotes. Purified
anti-OPB antibody was used, with anti- 7. brucei elongation factor 1a (EF-1a) antibody as a
loading control. A lysate of 5 x 108 cells was run per lane.
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Fig. 2.

Deletion of L. major OPB.

A Schematic representation of the OPB locus and the plasmid constructs used for gene
replacement. The OPB and antibiotic resistance genes are shown as arrows, flanking DNA
sequences are shown as boxes. X#ol fragments are shown. 5’ -DHFR and 3 -DHFR,
dihydrofolate reductase flanking regions; HYG, hygromycin resistance gene and SAT,
streptothricin acetyltransferase resistance gene.

B: Southern blot analysis of genomic DNA digested with X#oal, separated on a 0.7% agarose
gel, blotted onto a nylon membrane and hybridized using DNA probes corresponding to a
300 bp fragment of OPB, and the HYG and SAT genes. 1; L. major WT, 2; heterozygote, 3;
Aopbclone 10, 4; Agpbclone 21, 5; Agpb clone 10 re-expressing OPB and 6; A ogpb clone
21 re-expressing OPB. Molecular size markers are shown on the left.

C: Demonstration of OPB protein levels in L. major WT promastigotes and A gpb by
western immunoblot. Lanes as in B. Purified anti-OPB antibody was used and EF-1a
antibody as a loading control. A lysate of 5 x 106 cells was run in each lane.

D: Demonstration of over-expression of OPB in L. major cells by western immunaoblot.
Lane 1; L. majorWT, 2; WT[OPB] population, 3; L. major WT, 4, WT[pNUS] population
and 5; WT[OPBS>77CG] population. Purified anti-OPB antibody was used, with anti-EF-1a
antibody as a loading control. A lysate of 5 x 106 cells was run in each lane.
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Fig. 3.

Analysis of infectivity and metacyclogenesis of A gpb clones and re-expressing cell lines.
A: Western immunoblot to compare HASPB levels. Lane 1; L. major WT cells, 2; Aopb
clone 10, 3; Agpb clone 10 re-expressing OPB. Anti-HASPB antibody was used, with anti-
EF-1a antibody as a loading control. A lysate of 5 x 10° cells was run per lane.

B: Percentage of infected peritoneal exudate macrophages (PEM). PEM were infected at a
ratio of 6 metacyclic promastigotes to 1 macrophage and were incubated for between 24
hours and 6 days, with non-phagocytosed Leishmania washed off after 24 hours. Each value
is the mean of 6-8 replicates over two experiments £ SEM. *= p <0.001, in comparison to
wild type.

C. Number of amastigotes per 100 PEM. PEM were infected at a ratio of 6 metacyclic
promastigotes to 1 macrophage and were incubated for between 24 hours and 6 days, with
non-phagocytosed Leishmania washed off after 24 hours. Each value is the mean of 6-8
replicates over two experiments = SEM.

D: Growth of footpad lesions in BALB/c mice. Footpads infected with A gpb clone 10 were
compared to footpads infected with WT L. major. 1 x 10° metacyclic promastigotes were
injected per footpad. Each value is the mean of 6 mice £ SEM.
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Reduction of serine peptidase activity in Agpb

A: Effect of deletion and re-expression of OPBin L. major promastigotes on the cleavage of
5 uM Bz-R-AMC. Relative activity was calculated compared to WT for each experiment.
For each assay, 6 x 106 cells were used, with the mean of between 5 and 11 experiments
shown + SEM.

B: Effect of over-expression of OPBin L. major promastigotes on the cleavage of 5 uM Bz-
R-AMC. Relative activity was calculated compared to WT for each experiment. For each
assay, 6 x 10° cells were used, with the mean of between 4 and 11 experiments shown *
SEM.

C: Fractionation of OPB. Western immunoblot showing partition of OPB to either soluble or
membrane fraction of L. major. Lane 1; soluble fraction, 2; pelleted fraction. Purified anti-
OPB antibody was used, with controls of anti-EF-1a and anti-GP63 antibodies.
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hydrophobic interactions. This shows that all of the important residues involved in the

binding of antipain in OPB are conserved in OPB2.
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Table 1

Primers used in this study.

OL2352
OL2353
OL2356
OL2395
0OL2415
OL2459
OL2550
OL2551

5" - ACCC GGG ATG TCG TCG GAC AGC TCC GTC -3’

5 -TAGA TCT TTA CCT GCG AAC CAG CAG GCG -3’

5 -G CCC GGG GAG TCG TGAACATTAACTCC-3’

5 -CAAGCTT CTCCTT CTC GGT GGC ACT TG - 3’

5 - CC GTT GGG CAC GCATGT ACC GTC GACG -3’

5 -G AGA TCT CGG TAG CGG GAG AGA GAA GG - 3’

5’ -GCC TGC GAG GGG CGT GGC GCC GGT GGC CTG C-3’
5 -G CAG GCC ACC GGC GCC ACG CCC CTC GCA GGC - 3’
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Important residues found interacting with antipain in the structure of OPB [38]. The catalytic triad (),
residues involved in the S1 (*, ), S2 (*,*) and S3 () binding sites are highlighted and correspond to

Table 2

Figure 5. These residues are all conserved in OPB2.

LmOPB Residue | AlPresidue | Interaction | Importance
B 557706 P1-C Covalent Catalytic triad/S1 binding site
| Asp-662 n/a n/a Catalytic triad
I Hisg07 n/a n/a Catalytic triad
*Tyr-496-OH P1-O Hydrogen-bond | Oxyanion/S1 binding site
* Ala-578-N P1-O Hydrogen-bond | Oxyanion/S1 binding site
*Glu-621-OE1 P1-NE/NH2 | Hydrogen-bond | S1 binding site
* Arg-664-O P1-NH1 Hydrogen-bond | S1 binding site
*Tyr-499-OH P1-N Hydrogen-bond | S1 binding site
Phe-603 P1 pi-cation S1 binding site
Val-665 P1 Hydrophobic S1 binding site
* Arg-664-NH1 P2-0 Hydrogen-bond | S2-binding site
Tyr-499 P2 Hydrophobic S2 binding site (predicted)
Leu-617 P3 Hydrophobic S3-binding site
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